Endemic mesothelioma in the Turkish villages of Karain and Tuscoy has been attributed to the inhalation of zeolite fibres (Baris et al., 1981) or to the inhalation of zeolite and asbestos fibres acting synergistically (Rohl et al., 1982) . This has stimulated interest in the oncogenic activity of the zeolite fibres as compared with that of other mineral fibres. The zeolite mineral erionite, in its fibrous form, has been tested for carcinogenicity in vivo and found to cause mesotheliomata in mice (Suzuki et al., 1980) and in rats Maltoni et al., 1982) . In these rat experiments the tumours occurred at much higher rates than had been caused by any other fibrous dust yet examined.
In contrast, although in vitro studies had previously demonstrated a strong correlation between the in vitro cytotoxicity of fibrous dusts and their in vivo pathogenecity (Brown et al., 1978; , erionite was not more cytotoxic than other pathogenic dusts (Brown et al., 1980) . While the detection of conventional genotoxicity with asbestos is problematic (Chamberlain, 1982) , it was considered that the high in vivo pathogenicity of erionite should be reflected in any relevant in vitro activity. It was therefore decided to examine erionite in several in vitro assays suitable for use with particulates and specifically designed to detect genotoxicity. Electromicroscopic examination of a dispersed sample showed that it contained 6.2 x 103 fibres per pg of dust of which 4.3% were longer than 6,um, the count median length of the fibres was 1.7 pm and the count median diameter was 0.2 pm. The full size distribution of the fibres is given in Table I and a transmission electron micrograph in Figure 1 . Elemental analysis of the Oregon and Karain fibres using EDAX confirmed their compositional similarities (Table II) . Methods used for the preparation of samples and analysis of fibre size distributions have been described elsewhere (Brown et al., 1978) . The percentage of the total number in various size categories is given. Methods for determining the Oxide composition of dust samples have been described elsewhere (Wagner, 1980) . The oxide composition is given as a percentage of the total. (2) Cell transformation assay C3H10T1 cells derived from mouse embryo fibroblasts (Reznikoff et al., 1973a) were used between passages 10-12. These cells were cultured in Dulbecco's modification of Eagle's Minimum Essential Medium (DMEM), with a concentration of bicarbonate of 3.6gl-to permit equilibration with a gas phase of 8% CO2 in air; the medium was supplemented with heat-inactivated FCS (10% v/v), and contained penicillin (200 ,u ml 1) and streptomycin (50 jigml-).
Materials and methods
Five ml samples of C3HIl0T-cells (200 cells ml-1) from subconfluent cultures were distributed among 25 cm2 tissue culture flasks (Falcon) which were incubated overnight at 37°C with caps screwed on lightly to allow for equilibration of the gas phase. Twenty-four hours after plating the cultures were treated with suspensions of Oregon erionite (autoclaved dry, suspended in DMEM and sonicated just prior to addition); as a positive control benzo(a)pyrene was dissolved in acetone and added to the cultures to give a concentration of 1.0 jig ml-1 (final concentration of acetone <0.5%).
The cultures were left for 48 h at 37°C after which time a medium change was made. The medium was then changed twice weekly until the cells reached confluence, thereafter the concentration of serum was reduced to 5% and medium changes made weekly. After 6 weeks the cultures were fixed in buffered formalin (10%) stained in methylene blue (1%) and scored for type III transformed foci using the criteria described in Reznikoff et al., 1973b. Only type III foci were scored as cells from these colonies have been reported as being reliably tumourigenic in syngeneic animals (Ibid).
Unscheduled DNA repair The methods used were based on that described by Martin et al. (1978) , except that exposure to the various test and control substances was for 24 rather than 2.5 h.
(a) Autoradiographic method C3H10T-cells were grown in 5 cm petri dishes containing sterile 20mmn diameter cover slips. The medium and incubation conditions being as described above. When the cultures were -80% confluent the medium was replaced with arginine-free MEM (Flow Laboratories Ltd., Irvine, Scotland) supplemented with heat-inactivated dialysed FCS (5% v/v) and reincubated for 24h at 37°C in an atmosphere of 5% CO2 in air. The medium was then replaced with fresh arginine free MEM and the incubation continued for a further 48 h. At the end of this period hydroxyurea was added to each of the cultures (final conc. 2.5 mM) followed 60 min later by 6-[3H]-dT (21 CirmM-') giving a final concentration of 10 1Ci ml -samples of erionite or a positive control (nitroquinoline-N-oxide NQO) were added to the cultures which were reincubated. Twenty-four hours later the cover slips were removed, washed in PBS, fixed in methanol/acetic acid (3:1), stained in 2% aceto-orcein and processed for autoradiography using Kodak ARIO stripping film. After 14 days storage at -60°C the slides were developed by standard procedures. Each coverslip was examined using a 100x variable oil immersion objective and silver grains counted automatically using a colony counter (Micromeasurements Ltd.) with its TV camera attached to the microscope. The counting frame was adjusted to correspond to an area of 140 jm2 and counts were made only when the counting frame was totally enclosed within the outline of a nucleus. Fifty nuclei were counted from each culture and the results of all the replicates for each treatment are reported. Counts were also made on background (non-nuclear) areas, to provide a comparison with the nuclear counts.
(b) Scintillometric method C3H 10T' cells were grown in 25 cm2 tissue culture flasks as described above; A549 cells (Lieber et al., 1976) were grown under similar conditions. Treatments with argininefree medium, hydroxyrea, [3H]-dT and the various agents were as described for coverslip cultures above. Twenty-four hours following treatment the cells were lysed by freezing and thawing the monolayers; the resulting suspension was collected onto cellulose acetate filters and the DNA solubilized as described by Bolognesi et al. (1981) . The DNA released from the filter was quantified fluorimetrically using Hoechst 33258 and the method of Cesarone et al. (1979) . Samples of the DNA solution were dissolved in scintillation cocktail and counted in an Intertechnique SL4200 scintillation counter using on-line quench correction.
Results

Transformation assay
The results are presented in Table III and show that exposure to erionite caused an increase in the number of transformed foci as compared to the Unscheduled DNA synthesis Using the autoradiographic method it was found that erionite caused a significant increase in nuclear labelling at concentrations of 100, 150 and 200 jug ml-1 (Table IV, Figures 2 and 3) . As is commonly the case this positive effect diminished and disappeared at higher concentrations of the dust, presumably as a result of cytotoxicity. (Martin et al., 1978) .
All the cells in the NQO treatment groups contained labelled nuclei while there was a considerable variation in labelling in the erionite cultures (Table IV, Figure 2) . This variability of labelling in the dust exposed cultures is almost certainly due to the fact that the cells came into contact with particles of differing size, shape and probably chemical composition. Thus, while cells in NQO treated cultures received an homogeneous exposure, erionite-treated cultures contained cells which had received a range of insults dependant upon which particles they had encountered.
This range of responses makes it imperative that a representative sample of cells are counted, however, using the autoradiographic technique it was difficult to score the nuclei of cells containing dust especially those in which the nucleus itself was partially obscured by the dust particles. Since this made it impossible to count a truly random C3H10Tj cultures were processed, treated and UDS estimated as described in Materials and methods.
selection of nuclei, UDS was also measured in both C3H1OTj and in A549 cells using a scintillometric technique which effectively integrates the response of a large number of cells. The results from these experiments confirmed that fibrous erionite can act as an inducer of unscheduled DNA synthesis (Table V) . The number of silver grains in a 140pum2 circle over nuclear and other areas was determined as described in the text. Nuclei with >10 grains above the background for the same slide were considered to be significantly labelled and the proportions of such nuclei are given in the last column. The levels of dust required to induce measurable UDS were much higher than those concentrations causing morphological transformation (see Tables  III, IV and V) . As erionite was shown to be cytotoxic for cells at the lower concentrations i.e. LC50 -20pgml-1 (average from 2 experiments) the use of higher concentrations in the UDS assaysfrom 50-500 pg ml -'would suggest that many cells would not survive such treatment. A microscopical examination of the monolayers in the UDS experiments, even at the highest concentrations, showed the cells to be morphologically intact with little or no stripping of cells from the confluent monolayer. The inhibition of DNA repair at the higher dust concentrations would, however, suggest that the erionite was exerting a cytopathic effect and it is doubtful if such cells would be able to undergo cell division. This apparent variation in cytotoxic response in the 2 test systems is most probably due to the different conditions of exposure. In the transformation assays cultures were treated at low cell density and exposure of the actively dividing cells was continued for 14 days before survival was estimated. In contrast the UDS assays involved exposing confluent cultures to erionite for only 24 h.
Discussion
There are formidable difficulties in choosing appropriate in vitro test systems for examination of particulate materials and the systems used in this study have been selected with these difficulties in mind. While there are many transformation systems available the C3H10T-system was selected because it is not based on subtle changes in colony morphology and has been used to detect many chemical and physical carcinogens (Jones et al., 1976; Benedict et al., 1979; Chan & Little, 1976; Terzaghi & Little, 1976) . One important consideration is that this test takes place on the base of the culture vessel where cells and particulates may interact; in those systems using soft agar suspensions the cells and dusts may not have intimate contact, or if contact were made then the particulate material in the agar could provide anchorage points for the growth of normal (nontransformed) cells. The personal experience of the authors and published reports (Daniel & Dehnel, 1980; O'Donovan, 1982) have caused this laboratory to terminate all work with the BHK21 transformation assay (Styles, 1977) .
The use of DNA repair assays for the detection of carcinogenic/mutagenic agents has been reviewed recently (Larsen et al., 1982) and these have been advocated by many investigators as a useful screen for the detection of genotoxic agents (San & Stich, 1975; Martin et al., 1978; Yager & Miller, 1978; Martin & McDermid 1981) . In this laboratory we have found that both autoradiographic and scintillometric methods must be used with particulates in order to avoid false negative results caused either by adsorption of the DNA on to the dust, or the obscuring of the nuclei by dust particles.
Another fundamental difficulty in examining the activities of particulate materials is in the selection of suitable positive and negative controls. In the systems used in this paper the non-tumourigenic particulates silica, titanium dioxide and non-fibrous derivatives of asbestos all produced negative results (unpublished observations). There are, however, difficulties in regarding these as true negative controls since they are non-cytotoxic to these cell lines and thus may not interact with the cells in any meaningful way. For these reasons it was considered that they could be replaced by notreatment controls in further experiments. It was clear from these studies that the mere presence of particulate material did not produce spurious positive results. There are no tumourigenic particulates whose mode of action is known which could be used as a suitable positive control.
Many inorganic dusts have been shown to be carcinogenic in experimental animals and it has been suggested that a correlation exists between the pathogenicity of a dust in vivo and its cytotoxicity in vitro (Brown et al., 1979; . Other in vitro tests especially designed to detect genotoxicity have, however, generally given more variable results. Positive results in chromosomal aberration studies (Sincock & Seabright, 1975) , point mutation (Huang et al., 1978) and sister chromatid exchange analysis (Livingston et al., 1980) have suggested that such bioassays may be suitable for the screening of potentially carcinogenic dusts. Other investigators have, however, reported negative results in the sister chromatid exchange assays (Price-Jones et al., 1980) and bacterial mutation tests (Chamberlain & Tarmy, 1977) . Examination of crocidolite and amosite asbestos in this laboratory has shown that such agents do not cause either mutation (unpublished observation) or the morphological transformation of C3H10T-cells (Poole et al., 1983) though they have proven weakly positive in DNA repair assays (in preparation).
It has been proposed that the pathogenic effect of mineral dusts is mainly attributable to the size and shape of the fibres; those longer than 8 gm and less than 1.5pm diameter are believed to be responsible for the tumourgenicity of these agents (Stanton et al., 1977) . Examination of the size distribution of the Oregon erionite used in these studies showed there to be approximately 150 fibres per microgram of dust in this "pathogenic" size range whereas the UICC sample of crocidolite has 1.6 x 105 such fibres in the same weight (Brown et al., 1978) . Thus the number of fibres in the "active" size range would suggest that crocidolite should be many times more active than erionite which it is not. Either the fibre size hypothesis is incorrect, or there is some other property of the zeolite fibre which is responsible for its activities or which augments the activity of the few fibres in the "active" size tange.
These considerations and the positive in vitro results reported above make it possible that erionite has qualitatively different activities to those possessed by other mineral fibres. At the very least erionite is quantitatively more active in vitro than other pathogenic fibrous dusts. Whilst the extrapolation from in vitro to in vivo activities is difficult these results are consistent with the demonstration that erionite is a very active carcinogen in both mice (Suzuki et al., 1980) and rats . Indeed it has been reported that it is the "most potent known experimental carcinogenic agent for the pleural mesothelium" (Maltoni et al., 1982) .
Recent (unpublished) work in this laboratory had demonstrated that exposure of cultures of C3H10Ty
and A549 cells to fibrous dusts results in increased production of malonaldehyde which is frequently used as an indication of lipid peroxidation caused by free radical reactions (reviewed by Fantone & Ward, 1982) . It is possible that the adsorptive and catalytic properties of the erionite could induce free radical chain reactions which differ from those caused by other mineral dusts; erionite formed radicals could be more active in causing cellular and sub-cellular damage. It is also possible that the erionite from both Turkey and Oregon is naturally contaminated with some carcinogenic agent(s) and the fibrous morphology of some particles could transport and hold these unknown agents at vulnerable sites in cultured cells, in intact animals and in humans.
Attempts to obtain the zeolite fibres from the village of Karain in sufficient quantity to enable in vitro study are continuing. Meanwhile, our findings that fibrous erionite from a different geographical source can act in ways similar to many conventional carcinogens supports the hypothesis that exposure to this mineral is the cause of the pleural tumours in Turkey. The in vitro and in vivo activities of this material being such that exposure to other agents need not be invoked as an explanation of the epidemiological findings.
